Surface modification is frequently used to tailor the interactions of nanoparticles with biological systems. In most cases, the chemical nature of the treatments employed to modify the biological interface (for example attachments of hydrophilic polymers or targeting groups) is the focus of attention. However, isolation of the fundamental effects of the materials employed to modify the interface are often confounded by secondary effects imparted by the underlying substrate. Herein, we demonstrate that polymer replica particles templated from degradable mesoporous silica provide a facile means to evaluate the impact of surface modification on the biological interactions of nanomaterials, independent of the substrate. Poly(ethylene glycol) (PEG), poly(N-(2 hydroxypropyl)methacrylamide) (PHPMA), and poly(methacrylic acid) (PMA) were templated onto mesoporous silica, crosslinked and the residual particles removed. The resulting nanoparticles, comprising interfacial polymer alone, were then investigated using a range of in vitro and in vivo tests. As expected, the PEG particles showed the best stealth properties and these trends were consistent in both in vitro and in vivo studies. PMA particles showed the highest cell association in cell lines in vitro and were rapidly taken up by monocytes in ex vivo whole blood, properties consistent with the very high in vivo clearance subsequently seen in rats. In contrast, PHPMA particles showed rapid association with both granulocytes and monocytes in ex vivo whole blood, even though in vivo clearance was less rapid than the PMA particles. Rat studies confirmed better systemic exposure for PEG and PHPMA particles when compared to PMA particles. This study provides a new avenue for investigating material-3 dependent biological behaviors of polymer particles, irrespective of the properties of the underlying core, and provides insights for the selection of polymer particles for future biological applications.
KEYWORDS: nanoengineering, replica hydrogel particles, mesoporous silica particles, cell association, biodistribution ABSTRACT Surface modification is frequently used to tailor the interactions of nanoparticles with biological systems. In most cases, the chemical nature of the treatments employed to modify the biological interface (for example attachments of hydrophilic polymers or targeting groups) is the focus of attention. However, isolation of the fundamental effects of the materials employed to modify the interface are often confounded by secondary effects imparted by the underlying substrate. Herein, we demonstrate that polymer replica particles templated from degradable mesoporous silica provide a facile means to evaluate the impact of surface modification on the biological interactions of nanomaterials, independent of the substrate. Poly(ethylene glycol) (PEG), poly(N-(2 hydroxypropyl)methacrylamide) (PHPMA), and poly(methacrylic acid) (PMA) were templated onto mesoporous silica, crosslinked and the residual particles removed. The resulting nanoparticles, comprising interfacial polymer alone, were then investigated using a range of in vitro and in vivo tests. As expected, the PEG particles showed the best stealth properties and these trends were consistent in both in vitro and in vivo studies. PMA particles showed the highest cell association in cell lines in vitro and were rapidly taken up by monocytes in ex vivo whole blood, properties consistent with the very high in vivo clearance subsequently seen in rats. In contrast, PHPMA particles showed rapid association with both granulocytes and monocytes in ex vivo whole blood, even though in vivo clearance was less rapid than the PMA particles. Rat studies confirmed better systemic exposure for PEG and PHPMA particles when compared to PMA particles. This study provides a new avenue for investigating material-
INTRODUCTION
Nanoengineered particles have shown promise in biomedicine, particularly for diagnosis and treatment of diseases. [1] [2] [3] [4] Polymer-based hydrogel particles are of particular interest in drug delivery as their physicochemical properties can be tailored by versatile fabrication methods for specific applications. 5, 6 The influence of particle shape, size, and surface chemistry on bio-nano interactions has been extensively investigated. [7] [8] [9] Spherical structures are most commonly used and studied, and it has been shown that particles with sizes ranging from 20 to 200 nm have significant potential in targeted drug delivery applications that require long blood circulation times. 7 Chemical modifications that can modulate particle characteristics, such as hydrophilicity, surface charge, and immunogenicity, can greatly influence the fate of the particles in vivo.
Hydrophilic materials, such as poly(ethylene glycol) (PEG) and poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA), have shown high resistance to protein adsorption, extended blood circulation, and improved plasma exposure of the drug vehicle in vivo. [10] [11] [12] These so-called "stealth" materials are frequently used for the modification of nanoparticles or proteins and as carriers of drugs and genes. [12] [13] [14] [15] Surface modification is widely used to modulate particle properties to influence cellular interactions, immune recognition, and other biological interactions in vitro and in vivo. The final properties achieved are highly dependent on various factors, including the degree of modification, chain molecular weight when polymers are used, and architecture of the modifying agent. [16] [17] [18] [19] Depending on the surface modifications, the underlying particles can still influence the ensuing biological interactions. An alternative to surface modification is to engineer particles that are composed primarily of the material of interest. This can provide a systematic approach to compare material-dependent biological effects, as potential differences arising from surface modification are minimized. Furthermore, there are no particle cores that could interfere with the biological interactions.
Replica particles (RPs) prepared by mesoporous silica (MS) templating, a promising subset of polymer hydrogel particles, can be a valuable tool for investigating bio-nano interactions. 20 MS templating can accommodate diverse polymer types and facilitate the fabrication of particles with controlled material composition, size, and shape. To date, we have reported the generation of polymer particles by infiltrating polymers into the MS template pores via electrostatic attraction and subsequent cross-linking, followed by template removal. [21] [22] [23] However, the polymer infiltration step can take considerable time (up to 8 h) to allow for sufficient diffusion and loading of the polymer, especially for neutral polymers such as PEG. 18, 24 Alternatively, particles can be obtained by surface-initiated polymerization of monomers in the MS particles. [25] [26] [27] [28] [29] However, there are very few reports on the synthesis of "stealthy" RPs. For instance, polymersilica composite particles prepared from polymerization of itaconic acid and poly(ethylene glycol)methyl acrylate within MS particles without core removal were described. 27 The method required a rather lengthy period of light irradiation (7 h) in organic solvent in an inert reaction environment. Recently, we introduced a method to produce zwitterionic-and poly(oligo(ethylene glycol) methyl ether methacrylate)-based particles within MS particles. 28 However, the process required repeated freeze-pump-thaw cycles at an elevated temperature (50 °C). Furthermore, the use of low-molecular weight monomers in the preparation of PEG-based particles via surface-initiated polymerization, as described above, can lead to particle instability, especially in a complex biological environment in vivo. [30] [31] [32] [33] A recently developed templating approach termed atom transfer radical polymerizationmediated continuous assembly of polymers (CAPATRP) has been reported. 34, 35 Herein, this method is presented, however, using high-molecular weight polymers (≥20 kDa) to prepare RPs and facilitate investigation of material-dependent biological behaviors in vitro, ex vivo, and in vivo. This approach enables facile assembly of pre-vinyl-modified polymers (referred to as macrocross-linkers) under moderate reaction conditions (room temperature and water as solvent). 36, 37 This method is amenable to diverse macrocross-linkers and has distinct advantages:
(i) the formation of particles proceeds in a rapid one-pot reaction under moderate conditions while retaining the advantage of MS templating; (ii) cross-linking and the addition of functional groups or responsive linkers can be performed simultaneously to allow for multi-functionality and triggered degradation and release; (iii) the core material used for templating can be removed to prevent confounding biological interactions; and (iv) the size and shape of the template is conferred to the RPs, allowing for a high degree of control over variables important for biological interactions.
Three types of CAPATRP RPs, referred to as PEG, PHPMA, and poly(methacrylic acid) (PMA) particles thereafter, were fabricated using three macrocross-linkers: acrylated PEG (P1), acrylated PHPMA (P2), and methacrylate-functionalized PMA (PMA-AEMA) (P3). PEG and PHPMA were chosen because they are the most widely used low-fouling and biocompatible synthetic polymers for drug delivery applications in clinical trials. 13, 38 Although numerous types of PEG-and PHPMA-based polymer-drug conjugates have been reported, 39, 40 direct comparisons of the effects of PEG-and PHPMA-based replica nanoparticles on biological interactions have not been reported. PMA has been extensively studied owing to its ease of modification; however, it usually requires modification with PEG for biological applications, owing to its high fouling properties. 21 Hence, it was selected as a control.
A variety of studies have investigated the use of in vitro tests to examine the association or uptake of nanoparticles by immune cell-derived cell lines in culture media and thereafter predict nanoparticle interactions with the immune system and nanoparticle distribution to reticuloendothelial system organs in vivo. 41, 42 However, these tests do not fully represent the physiological interactions of particles with primary cells in the more complex environment of fresh blood. Hence, an emerging method that can measure nanoparticle association with multiple immune cell subsets in human whole blood has some advantages 18, 43, 44 and has been found to be a more relevant test than cell line-based assays for assessing the stealth properties of PEG particles. 18 How human blood interactions with particles compare to in vivo behavior in commonly studied rodent models for particles composed of other materials has yet to be confirmed. In the present study, we demonstrate the construction of polymer particles with controllable size and composition via CAPATRP and investigate their cell association in vitro and ex vivo. Finally, we investigate their behavior in vivo, compare the predictive qualities of the ex vivo tests, and discuss the effects of material properties on biological behavior. , Mw = 49 100 g mol −1 , Đ = 1.56, acrylate functionality = 10 mol%) was kindly provided by Edgar Wong following a reported method.
EXPERIMENTAL SECTION

Materials
34
Synthesis of MS Particles. MS particles were synthesized according to a previously reported method. 18 A mixture of CTAT (960 mg), triethanolamine (174 mg), and water (50 mL) was stirred at 80 °C for 1 h, followed by the addition of 7.8 mL TEOS. The mixture was further stirred at 80 °C for 2 h. The particles were then washed with water and ethanol thrice, dried at 80 °C overnight, and calcined at 550 °C for 6 h.
Synthesis of Macrocross-Linker P3. PMA-AEMA was synthesized through reaction of PMA with AEMA in the presence of DMTMM. Briefly, DMTMM (469 mg, 1.70 mmol) and AEMA (153 mg, 0.92 mmol) were added to PMA (15 mL, 500 mg, 4.63 mmol -COOH) in PB buffer (50 mM, pH 7.2). The mixture was allowed to react for 24 h at room temperature (~21 °C).
PMA-AEMA was purified by dialysis against water and lyophilized for 48 h. Yield: 88%, 485 mg; methacrylate functionality: 13 mol%.
MS Particle Surface Modification.
To attach ATRP initiators to the MS particle surface, the latter was functionalized. A particle dispersion (20 mg mL −1 ) in ethanol was first prepared by vortexing and sonicating for 10 min. Ammonia and APTES were then added to the particle suspension at a volume ratio of ethanol/ammonia/APTES = 50:2:1, and the resulting suspension was continuously mixed on a rotating tube holder overnight. Amino-functionalized MS particles were then washed with ethanol, water, and pyridine by centrifugation at 9000 g for 8 min. The particles were then dispersed in anhydrous pyridine (900 µL), followed by the addition of α-bromoisobutyryl bromide (100 µL). The particle suspension was mixed continuously on a rotating tube holder overnight before washing with ethanol twice and subsequently with water twice. The particles were stored in ethanol in the fridge (4 °C) prior to use. , in DMSO) ( Figure   S1 ). The resulting solution was then added to the bromo-initiator-functionalized MS particles (2 mg) while vortexing. The particle suspension was thoroughly mixed and incubated on a rotating tube holder for 5 min. Subsequently, PMDETA (5.7 µL, 20.9 mg mL −1 , in water), NaAsc (5.7 µL, 159.9 mg mL −1 , in water), and CuBr2 (5.7 µL, 9.0 mg mL −1 , in water) solutions were sequentially added to the particle mixture to start polymerization at room temperature (~21 °C) with constant mixing for 10 h. The vinyl group molar ratio of macrocross-linker/DEGDAA/MA was kept at 1:10:1. The number moles of the vinyl groups in macrocross-linker P1 was calculated based on the average molecular weight of 20 kDa, and that in macrocross-linkers P2 and P3 was calculated using Equation 1:
where nvinyl is the number of moles of the vinyl groups, m is the mass of macrocross-linkers, M0
is the average molecular weight of each repeating unit of the polymer, fvinyl is the (meth)acrylate functionality of the macrocross-linker. After polymerization, the polymer-grafted hybrid particles were isolated by centrifugation at 5000 g for 5 min and then thoroughly washed with DMSO/water (500 µL, 1:1 v/v) twice, water once, and PBS once. A sonication water bath was used to aid dispersion. To convert the -COOH groups into alkyne groups, DMTMM (250 µL, 2.0 mg mL −1 , in PBS) and propargylamine (250 µL, 0.7 mg mL −1 , in PBS) were added to the particles, and the reaction solution was mixed thoroughly and incubated overnight ( Figure S2 ).
After reaction, the alkyne-modified polymer particles were isolated by centrifugation (5000 g, 5 min) and subsequently washed with water. , in water) and copper sulfate (100 µL, 1.8 mg mL −1 , in water) were added, and the resulting suspension was incubated on a rotating tube holder overnight at room temperature (~21 °C). Unreacted AF488-azide or ) at approximately 0.6 µCi mL −1 . The specific activity of the particle suspension was determined by adding Ultima Gold scintillation fluid (2 mL) to aliquots of the radiolabeled particle solution (10 µL) in triplicate. Samples were well mixed and the activity was measured by a liquid scintillation counter. The mean of triplicate values was used for subsequent calculations.
Intravenous Pharmacokinetic Studies.
In vivo studies were conducted using male Sprague Dawley rats (250-350 g) (4 rats per particle group) based on procedures previously described. 45 All animal studies were approved by the Monash Institute of Pharmaceutical Sciences Animal Ethics Committee (AEC number: MIPS.2014.22 (CHRIS PORTER)). Prior to administration, rats were anaesthetized under isoflurane, and the carotid artery and jugular vein were surgically cannulated using 0.96 mm × 0.58 mm polyethylene tubing (Microtube Extrusions, Australia). After the procedure, the rats were transferred to a metabolic cage to recover and fasted up to 14 h prior to and 8 h after dosing. Blank urine and pre-dose blood (250 µL) were collected before dose administration. Each dose of RPs, equivalent to 0.6 µCi in 1 mL heparinized saline, was administered as an infusion (1 mL min ), and the resulting heparinized blood was centrifuged at 500 g for 5 min to separate plasma.
Heparinized saline was flushed through the cannula between samples to maintain patency of the cannula. 45 Duplicate aliquots (50 μL) of plasma samples were added to two 4-mL scintillation vials, and Ultima Gold scintillation fluid (2 mL) was added for scintillation measurements. The as the label was present in the RPs was administered to the rats to allow comparison with the biodistribution pattern of free label (3 rats). In all cases, after collection of the last plasma sample (24 h after IV administration), animals were humanely killed by injection sodium pentobarbital (0.5 mL, Lethabarb, 60 mg of pentobarbitone sodium mL −1 ) via the jugular cannula. The organs, lung, liver, spleen, heart, pancreas, kidney, and brain, were then removed by dissection, weighed, and stored at −20 °C until processed. Urine samples up to 24 h after dose administration were collected. Organ tissues were treated according to a previously reported protocol with slight modifications. 45 Organ tissues were added to water (5 mL) and homogenized in a gentleMACS dissociator (Miltenyi Biotech Australia Pty., Ltd., NSW, Australia) running a gentleMACS C tube RNA program for 5-10 s. Homogenized tissue samples were analyzed in two sets and with triplicates in each set. Each organ sample (equivalent of 100 mg of organ mass, based on wt.% of organ contained) was placed in a 20-mL scintillation vial. One set of samples was untreated, whereas the other was spiked with radiolabel of known radioactivity (~10 000 disintegrations per minute (dpm)) to provide organ counting efficiency data. The samples were solubilized in Soluene-350 (2 mL) and isopropyl alcohol (2 mL) and incubated at 60 °C overnight. Samples were then cooled to room temperature (~21 °C) and bleached with 30% w/v hydrogen peroxide (200 μL) before the addition of Ultima Gold scintillation fluid (10 mL). Samples were well mixed and kept at 4 °C for 96 h in the dark without agitation before scintillation counting. Blank tissues from untreated rats were also processed as above to provide a background measurement.
After the cooling period, 24 samples were measured at a time to avoid significant temperature fluctuation in the counter, which was set to 12 °C.
Blank urine and urine samples collected after dosing were placed in 50-mL pre-weighed tubes. Six aliquots of urine samples (200 µL) were divided into two sets (with triplicate in each set). One set was untreated and the other was spiked with a radiolabel of known radioactivity (~10 000 dpm) to determine counting efficiency. The urine sample was added to Ultima Gold scintillation fluid (2 mL) and well mixed before scintillation counting. Urine samples were then The zeta potential values were similar to those measured before template removal and after alkyne modification. The small negative value for the PEG particles may be due to deprotonation of the unreacted carboxylic acid groups introduced for labeling. The thickness of the particle surface layer after air-drying was measured by atomic force microscopy (AFM) ( Figure S9 ). The results showed that among all the RPs prepared, the PEG particles collapsed to the greatest extent (~10% of the hydrodynamic diameter), whereas the collapsed thickness of the PHPMA and PMA particles reduced to ~16% and ~61% of their original hydrodynamic diameter.
Although it was difficult to measure the stiffness of particles directly, the degree of thickness reduction indicated that the PEG particles exhibited the softest property among all RPs studied.
The TEM analysis also agreed with the shrinkage in particle size observed when the particles were dehydrated on the copper grid ( Figure 2 ). quantitative flow cytometry data suggested that they were less stealthy than the PEG particles but significantly better than the PMA particles. Studies have shown that softer particles tend to exhibit significantly reduced uptake by immune cells and cancer cells. 47, 48 The stiffness of the particles, which varies in the order of PEG < PHPMA < PMA, may also reflect the trend of cell association observed herein. Surface chemistry is generally considered as another key factor that influences non-specific interactions with biological environment. Typically, stronger hydration results in lower interactions with biological components due to large repulsive forces from the tightly bound water layer. 49, 50 PEG and PHPMA are both highly hydrophilic materials and PEG is more highly hydrated. Thus, PEG has been used to modify HPMA blocks to improve their hydrophilicity. 51 PMA is a negatively charged polymer and displays strong electrostatic interactions with proteins, which can potentially lead to the high cell association. One-way analysis of variance (ANOVA) significance shown as ** p < 0.01; **** p < 0.0001.
Ex Vivo Whole Blood Assay.
We have recently shown that studying particle-cell interactions using freshly drawn human blood is a more sensitive approach than using basic cell line-based assays. 18 In that study, a particle-to-cell ratio of 100:1 was sufficient to make a comparison, and hence the same particle-to-cell ratio was used in the present study. Human blood contains multiple subsets of white blood cells, including phagocytic and non-phagocytic cells. Granulocytes and monocytes are the two major phagocytes responsible for eliminating foreign entities such as pathogens, waste, or debris in the blood and are expected to also indicate particle clearance by fixed macrophages in the liver and spleen. 52 High association with these cells reduces the number of particles available for delivery to the desired cell type or organ. The three types of RPs were incubated with human whole blood at a particle-to-cell ratio of 100:1 for 1 h at 4 °C and at 37 °C. Association with phagocytes (granulocytes, monocytes) and nonphagocytic cells (T cells) were investigated by flow cytometry. The assay was repeated five times with fresh blood from the same human donor (Figure 4 ). At 4 °C, at which active biological processes are either absent or at least very significantly reduced (and therefore where particle association is likely to primarily reflect surface association or adsorption and not uptake), the association of all particles with the blood cells was low and subtle differences were observed.
The PMA particles showed a higher degree of association with granulocytes (~6%) than the PHPMA particles (~1%), as well as a higher degree of monocyte association (~12%) than the PEG (~1%) and PHPMA (~5%) particles. At 37 °C, at which active uptake processes may occur and where association is expected to reflect both surface interaction and uptake, granulocyte association with PHPMA particles increased dramatically when compared with that with the PEG and PMA particles (p < 0.0001). This result suggests that energy-requiring processes, such as active transport processes, are responsible for the increase in interaction. The PHPMA particles also showed high monocyte association (~90%), although in this case, PMA particle association was also high. The interaction of the PHPMA and PMA particles with monocytes was 4-fold higher than that of the PEG particles (p < 0.0001). However, monocyte association of the PEG particles at that temperature (i.e. 37 °C) was higher than that observed at 4 °C, suggesting the potential for some cellular uptake even for PEG-based particles. There was negligible association with T cells at 4 °C and 37 °C for all three RPs studied, indicating a low level of nonspecific binding regardless of the material. As we have observed previously, the average association of PEG-based nanoparticles with monocytes was greater than that with granulocytes.
18,44
Similar results were observed for all three materials. Interestingly, the ex vivo results did not fully agree with the in vitro assay. Among all the RPs studied, PEG particles exhibited the lowest degree of association with all types of phagocytic cells in vitro and ex vivo.
PMA particles exhibited the highest degree of association with monocytes in both assays. In contrast, the high degree of association of PHPMA particles with phagocytes, especially granulocytes in the whole blood environment, did not agree with the in vitro cell association data.
Thus, additional studies were conducted to profile the in vivo behavior of the particles. The amount of dose remaining in plasma 24 h after administration was low for all three types of particles; i.e. less than 1% of the initial dose (equivalent to ~10 µg of particles per milliliter of plasma) (Figure 5a and 5b) was recorded. However, the plasma concentration of the PMA particles decreased the most rapidly-less than 1% of the initial dose remained in the plasma after 5 min. This result was consistent with the high degree of cell association in vitro and monocyte and granulocyte binding observed in the whole blood assay. Previous in vitro and ex vivo studies have also shown that PMA particles are effectively taken up by monocytes and macrophages, suggesting that they are strongly recognized by the immune system and cleared quickly. 18 The plasma profiles of the PEG and PHPMA particles were similar (no statistically significant differences were evident in the area under the curve (AUC), clearance (Cl), volume of distribution (VD), or terminal half-life (t1/2b) ( Table 1) ) and showed a slower decline than that observed for the PMA particles. The mean AUC of the PEG particles was ~0.5-fold higher than the mean value for the PHPMA particles and 6-fold higher than that of the PMA particles (p < 0.01), suggesting a lower degree of particle clearance. The VD values also decreased in the order of PMA > PHPMA > PEG. However, owing to the relatively large variability in the observed AUC values between animals, no statistical significance between PEG and PHPMA was observed using a one-way ANOVA analysis. The PEG and PHPMA particles showed much lower Cl (p < 0.0001) and VD (p < 0.0001 for PEG, p < 0.001 for PHPMA) than the PMA particles. The t1/2b of the PMA particles could not be accurately calculated owing to extremely rapid particle clearance. The t1/2b of the PEG particles (2.9 ± 0.7 h) was comparable with that of PHPMA (2.1 ± 1.1 h), reflecting proportional changes in Cl and VD.
Contrary to the data presented here, a previously reported study using PEG-and PHPMAmodified liposomes (100 nm) showed that the systemic exposure (AUC) of PEGylated liposomes was more than double that of the PHPMA surface-modified liposomes after a single intravenous (IV) dose to mice. 53 In the present study, the examined PHPMA particles exhibited similar pharmacokinetics to the PEG particles, suggesting that both the "core" material used to prepare the particles and surface coating play a role in biological interactions. A previous report comparing PEG and PMA RPs, using an in vitro flow-based device containing extracellular matrix gel to predict in vivo circulation, 54 also showed rapid clearance of PMA particles, as consistent with the results presented herein. As expected, the organ biodistribution patterns showed the largest accumulation of all three types of particles in the liver and spleen ( Figure 5c , Table 2 ). However, less than 20% of the PEG particles on average were found in the liver, and this value was lower than that measured for the PHPMA and PMA particles (37% and 42%, respectively) at 24 In general, the organ deposition patterns were consistent with the plasma clearance data-clearance of the PEG particles was slightly lower than that of PHPMA and much lower than of PMA. However, the similarity in liver and spleen uptake of the PHPMA and PMA particles did not reflect the fact that the residence time of the PHPMA particles in the blood stream was significantly higher than that of the PMA particles. This observation underlines the complexities of interpreting kinetic differences in plasma concentration-time data based on terminal MPS distribution data. Thus, differences in plasma concentrations are clearly evident from 0 to 10 h post dose, and these differences are reflected in the large differences observed in plasma clearance. However, these differences are minimal at later time points when the terminal organ distributions were obtained.
At 24-h post dose, the plasma levels (PEG > PMA > PHPMA) are, as expected, inversely proportion to MPS uptake where PHPMA > PMA > PEG.
To our knowledge, there is only one reported study on the pharmacokinetics and biodistribution of replica polymer particles with similar sizes made via MS templating method to those studied herein. In that study, 18 PEG-based particles were obtained by cross-linking terminal amine groups of PEG within a mesoporous template. These particles showed very different biodistribution patterns in mice, 18 and 110-nm-sized particles were almost evenly distributed in the liver, spleen, and lung, and present at ~5% per gram organ tissue at 12-h post administration.
In comparison, the PEG RPs employed in the present study showed lower uptake in the liver (1.8%
, significantly lower uptake in the lung (0.1% dose g −1 )
, and slightly higher uptake by the spleen (7.1% dose g −1
)
. The different biodistribution patterns likely reflect the different sampling points (12 h vs. 24 h herein) used and differences in particle stiffness and material composition stemming from the altered PEG particle fabrication method (surface-initiated polymerization vs. infiltration and cross-linking) used. Studies have shown that softer particles can pass through physiological barriers more easily, 24, 55, 56 resulting in longer circulation time and different biodistribution properties. 47, 55, 56 The softer zwitterionic nanogels 56 showed lower splenic accumulation, whereas the softer PEG diacrylate hydrogel particles 47 and 2-hydroxyethyl acrylate hydrogels 55 accumulated in the spleen to a greater extent than their harder counterparts.
This suggests that the stiffness of the particles not only influences the splenic uptake, but is also highly material-dependent. In this study, the accumulation of the softer PHPMA RPs in the spleen was significantly higher than that of the PMA RPs. However, no further increases in uptake in the spleen were observed for the softest PEG RPs. This result confirmed the importance of evaluating the effect of the overall material which includes stiffness. Statistically significantly different to PHPMA (p < 0.05).
-Identified below level of quantification.
The accumulation levels of the PHPMA particles in the spleen (~9.9%) and lung (~0.8%)
were slightly higher than those of the other two particle groups (lung p < 0.05, ~0.3% for both PEG and PMA particles; spleen p < 0.05 vs. PMA particles). It has been shown that a significant fraction of the marginating granulocyte pool (MGP) distributes to the spleen (35%), liver (25%), and lungs (10%), and this accounts for 70% of overall MGP.
57-59
The high accumulation of PHPMA particles in the spleen and lung might therefore reflect phagocytosis by granulocytes, as this was shown to be high based on the ex vivo blood incubation studies. Although biodistribution data have not been reported previously for PHPMA RPs, data pertaining to various PHPMA copolymer conjugates have been reported. Relatively large polymer molecular weights (>60 kDa) have shown patterns of conjugate accumulation in the spleen and lung, 38, 60 as consistent with the findings here. In contrast, PHPMA-coated liposomes 53 have previously been
shown not to accumulate in the spleen and lung after IV administration, suggesting again that the effects of surface coating materials on biodistribution may depend on the nature of the underlying particle. This core effect may be manifested by direct interaction of the core with the biological interface or via secondary effects on the orientation of the coating material. Studies have shown that PEGylation of polymer particles significantly enhances their accumulation in the spleen. 61, 62 However, the PEG RPs did not show significantly higher splenic uptake when compared with the other two types of RPs studied herein, suggesting that the effect of PEG coating may not represent the effect of the overall material.
After normalizing for organ mass (Figure 5d ), the longer circulating PEG and PHPMA particles showed higher accumulation per gram of tissue in the spleen than in the liver, whereas PMA particles were predominantly captured by the liver (Table 3 ). Thus, high particle accumulation in the spleen alone does not necessarily contribute to the reduced circulation time, but does influence the overall clearance if liver accumulation is also considerably high. However, for PEG-and PHPMA-coated liposomes, similar biodistributions in the liver (~20% dose) and spleen (~5% dose) were observed; additionally no significant difference in lung distribution was observed. -Identified below level of quantification.
There were minimal amounts of particles accumulated in the pancreas, heart, and brain for all three types of particles investigated (Table 2 ). Pooled urine, collected up to 24-h post administration, was also collected. Less than 4% of the initial dose for all the particle types was detected in the urine. This value was significantly lower than the amount of free label recovered in the urine in the control study of the disposition of free label ( Figure S10 ). Free label accumulation in the liver was also significantly lower than the particles ( Figure S11 ). This suggests that the label was not released to any significant extent from the radiolabeled particles.
The small amount of radiolabel present in the urine is likely derived from breakdown products due to hydrolysis of ester bonds of the macrocross-linkers in vivo.
In summary, the PEG particles showed the longest systemic circulation and the lowest overall MPS organ accumulation, as consistent with the predictions stemming from the in vitro and ex vivo cell association. The PHPMA particles shared similar pharmacokinetic properties to those of the PEG particles though they were more effectively captured by the spleen and lung possibly because of affinity to granulocytes. The PMA particles were cleared very rapidly. The data provide insight into the intrinsic effects of material properties on biological interactions, without conflicting effects of the underlying core material, and suggest that a consistent particle system such as the RPs may be favorable for examining material-dependent biological behaviors.
CONCLUSIONS
This study demonstrates the influence of polymer materials on cellular interactions, pharmacokinetics, and biodistribution. Polymer RPs (PEG, PHPMA, PMA) with different macrocross-linker components were prepared via continuous assembly of polymers on MS templates. Monocyte and macrophage cell line-based in vitro assays and an ex vivo human whole blood assays were employed to evaluate cellular interaction and suggested in vitro that particle stealth properties were greatest for the PEG particles. Subsequent evaluation of the pharmacokinetics of all three types of particles in rats revealed that the PMA particles were rapidly eliminated from plasma and readily taken up by the liver. This result was consistent with the in vitro and ex vivo assays where PMA particles showed high monocyte and macrophage association. The PEG and PHPMA particles showed similar pharmacokinetic patterns but different biodistribution behaviors. The PEG particles displayed the lowest overall MPS accumulation, whereas the PHPMA particles appeared to accumulate in the spleen and lung, possibly owing to high association with granulocytes, as observed in the ex vivo blood incubation study. The accumulation levels of the PMA and PHPMA particles in MPS organs were similar and ~2-fold higher than that of the PEG particles. However, the circulation of the PHPMA particles was significantly longer than that of the PMA particles, at least at the early Distribution of particles and free label in urine and organs. This material is available free of charge via the Internet at http://pubs.acs.org.
